INTRODUCTION EXPERIMENTAL
In 1962, Druckrey and Preussmann suggested that N·nitroso compounds could form in tobacco smoke from the reaction of secondary amines and nitrogen oxides (1:). Since then, several investigators have reported the determination of nitrosoamines in smoke (2) (3) (4) (5) (6) . Serfontein and Hurler indicated that the smoke from one cigarette could contain as much as 5 j.lg of N·nitrosodimethylamine (J). Other investigators found considerably smaller amounts (0.004 118) of this compound per cigarette, or they did not detect any of the compound at all. Neurath summarized the problem in 1967, and warned that extreme care must be taken to ensure that nitrosoamines found are not formed in the smoke-trapping system (7). Since Neurath observed reactions between nitrogen oxides and secondary amines in cold traps and solvents, most of the subsequent workers trapped nitrosoamines in aqueous sodium hydroxide solutions (4-6), All of these methods involve the formation of a derivative; however, one described by Rhoades and lohnson (8) does not Involve a derivative. Barkemeyer reduced N-nitrosodlmethylamine electrolytically and coupled the resulting hydrazine with 2-hydroxy-5-nitrobenzaldehyde (4). Hoffmann and Vais used a similar procedure to obtain derivatives which were chromatographed and detected with an electron capture detector (6) .
Another approach for the analysis of nitrosoamine involved the reduction of nitrosoamines to secondary amines, the conversion of the amines to their trifluoracetyl derivatives, and the subsequent determination by gas chromatography (5). Surprisingly high amounts of N-nitrosodimethylamine were detected by these three methods. The purposes of the work reported here were to develop a method for the direct determination of the underivatized N-nitrosodimethylamine in cigarette smoke, to confirm the identity of the compound, if detected, by mass spectrometry, and to determine the amount of this compound removed by filters.
• R.ec<i .. td for publicuion: 2lrd NOY•mb<r, 1972.
Reagents
N-nitrosodimethylamine was obtained from Eastman Organic Chemicals. It was distilled prior to use, ·and the fraction boiling at "1.50 -"1.52° C was protected &om the light and used to prepare standard solutions. A premixed liquid scintillation solution, Aquafluor, was obtained from New England Nuclear Corp. Nnitrosodimethylamine-CU was also obtained &om New England Nuclear Corp. The weight of the labeled compound was o.984 mg. The compound had a total activity of 65.2 j.lCi or a specific activity of 49 mCi/ mmole and was assayed with a Pa&.ard liquid scintillation counter.
A dilute solution of the radioactive sample was prepared as follows: The labeled sample, as received, was diluted to 1.0 ml with ethanol containing "J.o mg of nonradioactive N-nitrosodimethylamine (NDMA). This stod<. solution contained "J..og8 mg NDMA/ml.
A more dilute solution for recovery studies was prepared by diluting a 1:-ml aliquot of this stock solution to 1.0 ml with ethanol. This dilute solution contained 109.8 J.l8 NDMA/ml. A 5o;tl aliquot of this solution gave a count rate of 44,000 to 45,000 counts/min. with a counting efficiency of o.6l. to 0.62.
APPARATUS

Smoking Apparatus
Cigarettes were smoked on a 2o-port Filtrona Model 200 smoking machine. Two special low-pressure-drop scrubbers, cooled to o° C contained 2 M aqueous sodium hydroxide and were used to trap the NOMA from smoke. The scrubbers were followed by a large (7o-mm) Cambridge filter.
Distillation and Concentration Equipment
A specially constructed steam distillation apparatus with a capacity of "1.25 ml was used in acidic and basic steam distillations. A modified Dean-Stark continuous extraction apparatus and ethyl ether were used for extracting NOMA from the aqueous phase. A 1o 4 in. Vigreux colunm equipped with a 125 4 ml base flask and Glas 4 Col heater was used to distU the ether from the NOMA sample. 
Analytical Procedure
Two hundred conditioned cigarettes of each tobacco type except number five were automatically smoked to a 27-mm butt length (2.3-mm butt length for 75-mm 62 cigarettes) under standard conditions (one 35-ml, 2-sec. puff/min.). The smoke was passed through two gas scrubbers which were immersed in ice, each of the scrubbers contained 50 ml of 2 M aqueous sodium hydroxide. The smoke then passed through a large (7o--mm) Cambridge filter. When the amount of NOMA recovered by this method was to be determined, 100 Jd of the NOMA-CH solution was added to the first scrubber. After the smoking was completed, the contents of the two scrubbers were combined, and 30 g of sodium sulfate was added to the solution to raise its boUing point. The solution was steam-distilled until approximately So ml of distillate was collected. The mixture of acidic smoke compounds remaining in the flask was discarded, and the distillate containing the neutral and basic compounds was acidified with concentrated hydrochloric acid to obtain a 0.2 M solution. Twenty grams of sodium sulfate were added, and the solution was agajn steam-distilled. This distillate (So ml) was extracted with :to ml of benzene to remove hydrocarbons and other nonpolar compounds. The aqueous phase, which contained polar, neutral steam-volatile compounds, was then transferred to a Dean-Stark extraction apparatus. Twenty grams of sodium sulfate was added to the aqueous solution, and So ml of ethyl ether was added to the extraction apparatus. The NOMA was continuously extracted into the ether for S hr. The aqueous phase was discarded, and 5 g of anhydrous sodium sulfate was added to the ether to remove residual water. This slurry was filtered through medium porosity filter paper, and the salt was washed with five 2-ml aliquots of ethyl ether. The removal of water from the ether was essential, since N-nitrosodimethylamine forms a low-boiling azeotrope with water. The ether solution was concentrated by distillation through a :to-in. Vigreux c:olunm. A re8ux rate of :toh was maintained whUe the volume was concentrated to approximately 5 ml. The sample was transferred to a graduated mic:rovial equipped with a Mininert valve, and the exact volume was recorded. The sample was refrigerated and protected from the light until it was analyzed. A o.:t-to l..D--Jtl aliquot of this concentrate was chromatograph~ on a 2oo--ft. glass capillary column, coated with Carbowax zo-M poly(ethylene glycol). The following chromatographic conditions were used:
Carrier gas-helium, 3 mVmin. Capillary inlet splitter, 6 mllmin. Colunm temperature, 75° C Inlet temperature, 2oo° C Detector temperature, 200° C Detector, alkali metal Jlame ionization fu How rate, 35 mllmin.
Air How rate, 2.35 mVmin. The retention time for an unknown NOMA sample was determined by comparison with the retention time of a standard sample of NOMA (:to IJ.g/ml) in ether. The retention time of the known NOMA sample was confirmed by the addition of a known amount of NOMA to the sample.
Owing to the variation of the responses of the alkali metal flame ionization detector, calibration samples which contained from 1 to 10 f.tg NDMA/ml were analyzed with every unknown sample.
Recovery of N-Nitrosodimethylamine-C14
The recovery of the method was measured with radioactive N-nitrosodimethylamine. A 10o-t-tl aliquot of the dilute radioactive solution (72,000 disintegrations/min.) was added to the smoke scrubber containing .2 M sodium hydroxide. Usually, only the overall recovery of the method was determined, but one experiment was performed to determine the recovery by each step in the analysis. Samples were taken for counting after:
[1] both steam distillations, [2] 
Identification of N-Nitrosodimethylamine
The amount of NOMA which was injected onto the capillary column was too small for identification on the mass spectrometer. Therefore, five 2o-t-tl samples of the ether exracts of the tobacco smoke samples were injected onto the. pad<ed column described previously. The fraction from each injection which eluted from the column at the same retention time as that of NOMA was collected in the same capillary tube immersed in dry ice. An effluent splitter was used to split the sample so that 95 °/o of it passed through the trap and 5°/o was diverted to the detector. The trapped sample was injected onto another column containing Carbowax 2o-M poly( ethylene glycol) in a Finnigan gas chromatograph-mass spectrometer. Mass 74 was monitored on the total ion monitor, and when a peak appeared, the entire sprectrum was taken.
Detection Limit of the Method
N-nitrosodimethylamine (1 to 5 f.tS) was added to 5 ml of an ether extract from the nonfilter domestic cigarette. The appearance of a measurable peak in the gas chromatogram war recorded as the detection limit of the method. 
Removal of N-Nitrosodimethylamine by Filters
Because the amount of NOMA in the smoke was so low, NOMA was added to twenty cigarettes as previously described. The cigarettes, which contained 40.5 J.l.g NOMA/cigarette, were smoked to 27-mm butt lengths as described, and the amount of NOMA in the mainstream smoke was determined. The filters were removed from the cigarettes and vigorously agitated in 50 ml of 2. M aqueous sodium hydroxide; then, their NOMA content was determined. These two concentrations were used to calculate the percentage of NOMA removed by filters.
RESULTS AND DISCUSSION
. A schematic diagram of the analytical procedure used to isolate NOMA is shown in Figure 1 . The initial part of this procedure is similar to several procedures described in the literature (4). However, all but one (8) of the previously reported methods involve the formation of a derivative of NOMA. In some initial experiments, we found that it was extremely difficult to reproducibly prepare derivatives of such minute quantities of nitrosoamines.
The amounts of N-nitrosodimethylamine lost at various stages of the analyses are given in parentheses in Figure 1 . Excellent recovery was obtained in all steps except the last two. Large amounts of NOMA were lost in the ether extraction step. It was necessary to force this extraction with a large amount of sodium sulfate and to continuously extract the NOMA into ether for at least 8 hr. The largest loss occurred when the sample was concentrated to a small volume. When the sample was concentrated by evaporation without fractionation, a greater loss was experienced. The use of the small distillation column was necessary for removing ether from the sample. The overall recovery of the method, based on several determinations, ranged from 55 to 65 °/o. Previous workers (6) reported approximately 40°/o recovery. A chromatogram of the separation of NOMA from the other neutral, semivolatile smoke compounds in the concentrated ether solution is shown in Figure 2 .. The peak due to the NOMA is indicated in the figure. The sample used for this chromatogram was obtained from high-nitrate Burley tobacco cigarettes. The peaks which represent other compounds in this fraction have not yet been identified. However, the compounds eluting immediately before and after the NOMA appear to be pyrazine, methylpyrazine, and dimethylpyrazines. Because of the large number of smoke compounds in this sample, it was necessary to use a capillary column for the determination. Because of the high resolving power of the capillary, the small amount of NOMA was separated from the larger amounts of the other compounds. When a flame ionization detector was evaluated for this determination, the NOMA peak was obscured by several other peaks. The alkali metal flame ionization detector, which has a selectivity of 1o"h for nitrogen compounds over hydrocarbons, permitted the direct determination of NOMA in this complex sample. The amounts of NOMA found in smoke from the 6ve types of cigarettes (excluding the cigarettes to which NOMA was added) are shown in Table 1 . (The detection limit of the method is 10 ng NOMA/cigarette.) Smoke from two of these 6ve types of cigarettes contained NOMA. The Burley No. 37 tobacco contained 1.67°/o nitrate, 1.20°/o volatile bases, and 5·400/o total alkaloids. The alkaloid and volatile base contents of the tobacco which contained 80/o NaNOs were 2.090/o and 0.450/o, respectively. Therefore, it appears that both the amine content (known to be high in Burley tobacco) and the nitrate content of the tobacco are important in the formation of NOMA in smoke. We were unable to dected any NOMA in a domestic non~ f'tlter cigarette, a domestic 61ter cigarette (61ter removed), or a cigarette made from a blend of Burley tobaccos; if any NOMA was present, it was below the detection limit of the method. The reproducibility of the recovery of the method was 2.7 ng NOMA/cigarette at the 5o-ng level and the reproducibility of the dtromatographic determination was 4.0 ng/cigarette. Thus, the overall standard deviation was 4.8 nglcigarette; this gave a coef6cient of variation of 9.60/o. Positive identi6cation of NOMA was made in ail smoke extracts in which a signi6cant peak for this compound appeared. A peak appeared at the correct retention time on the Finnigan gas dtromatograph-mass spectrameter when the total ion monitor was set for mass 74· The entire mass spectrum of the compound whidt gave rise to this peak was recorded. The dtaracteristic spectrum of NOMA (m/e 42, base; m/e 74, 94 0/o; rn/e 15, 39°/o; m/e 43, 390/o) was obtained.
One of the main objectives of this work was to determine the amount of NOMA removed from tobacco smoke by ceilulose acetate filters, if a measurable amount of the compound were present. To do this, it was necessary to add NOMA to two of the tobaccos from which the test cigarettes were made so that eitough NOMA would be present in the smoke to determine 61ter ef6ciency. A total of 90 J.tg of NOMA was found in the two smoke samples (NOMA in the. delivered smoke and on the filter) representing cigarettes with added NOMA. When this amount was corrected for the recovery of the method, we found that 20.2 0/o of the NOMA was transferred to the smoke from the tobacco. The cellulose acetate filters removed 85 °/o of the NOMA from the smoke, the paper filters removed 66 °/o. SimUar cellulose acetate and paper 61ters remove 360/o total particulate matter (fPM) and 55°/a TPM, respectively. The selectivity (SJ:) of the filters for removing NOMA was calculated from the formula of Davis and George (9): S:r = (1-E)/(1-R:r),
where E and R:r are the fractional retentions of TPM and component x (NOMA), respectively. The selectivity values indicate that the cellulose acetate 6lter is considerably more effective in the selective removal of NOMA from smoke (S:r = 4.3) than is the paper filter (S:r = 1.3). 
